Energy distribution enterprises will face the challenge to plan and balance consumption and production in the electricity grid with the substantial amount of renewable energy sources (RES) [4] . To effectively plan and balance energy, a potential future energy enterprise will have to exploit flexibilities of individual energy consumers (and producers) to be able to delay certain loads of energy for some time interval. Such type of flexibility can be represented with a flex-offer from the MIRABEL project [1] . In this paper, we discuss energy planning and controlling activities within such future energy enterprise and, to support those activities, we propose a comprehensive visual analysis framework that provides detailed and generalized views over flex-offers, and offers a convenient OLAP-inspired approach to navigate and explore such data. Then, as the first step developing such framework, we focus on the detail view and present the implementation of the histogram-based approach to visualize a large number of individual flex-offers. Finally, we review the related work in the areas of the multidimensional, spatial, temporal, spatio-temporal, and energy data visualization, and present the future work.
INTRODUCTION
Today, more and more renewable energy sources (RES) are added to the European electricity production portfolio since they can offer sustainable energy with a much lower environmental impact compared to the conventional energy sources. However, due to the intermittent nature of the RES supply, balancing energy in an electricity grid with the substantial amount of RES (>30% of a total production) becomes a really challenging task [4] for energy enterprises (Balance Responsible Parties or entities responsible for energy generation and distribution). To address the challenge, the European electricity grid is being incrementally transformed into a smart-grid that utilizes a modern information and communication technology (ICT) to produce, supply, and consume energy in a more intelligent way.
Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored. Abstracting with credit is permitted. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. EDBT/ICDT '13, MIRABEL (abbr. Micro-Request-Based Aggregation, Forecasting and Scheduling of Energy Demand, Supply and Distribution) is an on-going EU FP7 research project [1] that develops and prototypes such ICT infrastructure [5] for the European smart-grid. The infrastructure enables millions of individual energy consumers to consume more energy at times when there is an excessive supply from RES and less energy when a RES supply is insufficient, while still providing a convenient way to balance the grid (see Figure 1 ). The MIRABEL relies on the concept of a flex-offer -an entity that explicitly captures a consumer's (or producer's) intent or capability to consume (or produce) certain amount of energy within a fixed future time interval.
A potential MIRABEL energy enterprise, MIRABEL enterprise for short, collects millions of such flex-offers from individual prosumers (entities that both consume and produce energy) and performs a complex planning activity in an online fashion to satisfy prosumer energy consumption (or production) needs (or offers) expressed in flex-offers. This planning activity involves large amounts of complex data such as flex-offers and time series collected from millions of individual energy prosumers. In this process, effective monitoring, accurate planning, and data analysis play a crucial role and raise the needs for effective flex-offer visualization. However, flex-offer visualization is challenging as (1) flexoffers are complex multi-dimensional objects with spatial, spatio-temporal attributes (as we show later), and (2) different (detailed, aggregated, map, and topological) views over sets of flex-offers are required.
In this paper, we present the implementation of a novel approach to visualize a large number of individual flex-offers. The approach employs the variation of the histogram plot where 2-dimensional (time and energy) subspaces are stacked onto each other. Although the approach is suitable to visualize individual flex-offers in detail, it addresses only the part of the flex-offer data visualization challenge when serving the needs of the MIRABEL enterprise. There is still a demand for a comprehensive visual flex-offer analysis framework offering different views over sets of flex-offers. Such framework is also elaborated in the paper.
The paper is structured as follows. In Section 2, we present energy planning and control activities within the MIRABEL enterprise and elaborate the importance of the visual flexoffer analysis. Then, in Section 3, we formulate high level requirements for the visual flex-offer analysis framework and, in Section 4, we present our initial work done implementing it. Finally, in Section 5, we review the related work on the visualization of multidimensional, spatial, temporal, spatio-temporal, and energy data, and we conclude the article in Section 6.
ENERGY PLANNING AND CONTROL IN MIRABEL ENTERPRISE
According to the MIRABEL project, an energy enterprise continuously perform complex energy planning and control activities [1, 5, 12 ] to achieve a multi-objective goal, which is to (1) satisfy all flex-offers, (2) utilize as much RES energy as possible, (3) balance the grid, and (4) maximize profit.
First, it collects millions of energy readings and flex-offers from individual prosumers (e.g., households) in a certain geographical region, e.g., Denmark. In this process, the overlaying ICT infrastructure automatically reads both momentary energy values from prosumers' smart-meters and their intents and capabilities to use certain electrical appliances (e.g., el. vehicle) in a flexible manner (e.g., charge a battery at any time over a night) in the form of flex-offers.
Then, the enterprise aggregates the collected measurements and flex-offers to forecast required demand (and the supply) of their customers for a certain time horizon (e.g., day ahead). Later, it produces a plan in which supply is equal to (balances) demand. For periods in which the balance cannot be met, the enterprise buys or (or sells) certain amounts of energy on a power exchange market (e.g., Nordpool Spot). When it buys (or sells), it has the responsibility to ensure that its customers collectively consume (or produce) amounts equal to those bought (or sold) on the market. For those time intervals when the balance is not met, the company is charged with an imbalance fee. The fee is substantially higher than a spot (market) price of electricity. This raises an incentive for the energy company to plan energy as accurately as possible and control it as good as possible.
Finally, appliance activation messages in the form of flexoffer assignments along with other settling information such as bills are distributed back to individual prosumers by disaggregating the plan.
To support planning and control of activities, specialized ICT systems are employed in the MIRABEL enterprise. In addition to the conventional SCADA (supervisory control and data acquisition) and ERP (Enterprise resource planning) systems, it employs a comprehensive energy data management system (EDMS) [5, 12] with the inherent support for flex-offers and offering flex-offer storage [23] and advanced analytic functionality such as aggregation [28] , scheduling [27] , and forecasting [11] .
The EDMS is designed to automatically process a large number of flex-offers in the online fashion. In this process, the online monitoring and offline testing of the system, problem analysis, and long-term planning are very important, but they are not considered in the MIRABEL project. In all these activities, the visual analysis of flex-offer plays a crucial role. For example, to find out a reason behind the shortage of electricity, it is important to be able to see relevant geographical areas on a map with an option to drill down to the level of individual flex-offers. In the following two sections, we focus on individual flex-offers and their basic aggregates, and present requirements for, and our initial work done implementing, a comprehensive visual flex-offer analysis framework to support various visual flex-offer analysis activities.
REQUIREMENTS FOR VISUAL ANALYSIS FRAMEWORK
In this section, we focus on the flex-offer data visualization and present the essential types of views over flex-offer data in the form of requirements for the framework.
The framework must support an in-depth analysis on the individual flex-offer level (Req. 1) as well as a global analysis on the aggregated data level (Req. 2).
When visualizing individual flex-offers (Req. 1), the following elements of a flex-offer (see Figure 2 ) must be clearly visible:
Profile of flex-offer: Defines bounds (minimum and maximum energy) of energy required (or offered) by a prosumer at successive time intervals.
Start Time Flexibility: Defines a user-accepted flexibility in time to start a particular appliance to consume or produce energy.
Acceptance and Assignment Times: Define user-specified latest time moments for the enterprise to issue acceptance and assignment messages as a response for a particular flex-offer. 
Flex-offer Attribute Value:
It summarizes values of a particular flex-offer attribute, e.g., the minimum/maximum/average price, energy, or flexibility defined by flex-offers.
Scheduled Energy: It is the amount of energy that is planned utilizing flex-offers or physically used by prosumers.
Plan Deviations: It is a difference between the amounts of energy in the plan and in the physical realization of the plan.
Energy Balancing Potential: It is a measure on how well energy can be balanced utilizing flex-offers. The measure is computed from the total amount of energy and the flexibility prosumers offer with their flex-offers.
For all these elements and measures, the framework must support filtering and grouping on the following types of flexoffer attributes:
Temporal: To select data for a particular time interval and to analyse data at different time granularities.
Spatial Geographical: To select data for (or group on) a spacial object, e.g., country, city, or district. A userfriendly view (see an example in Figure 3 ) to explore and filter flex-offer data on a map must be provided.
Spatial Topological: To select data for (or group on) the topological or electrical structure the electricity grid, e.g., for a particular 110kV transmission line. A userfriendly view (see an example in Figure 4 ) to explore and filter flex-offer data on a topological map must be provided.
Energy Type: To select data associated with a particular energy type, e.g., renewable energy from hydro power plants.
Prosumer Type: To select data associated with a particular prosumer type, e.g., small industrial power plants.
Appliance Type: To select data associated with a particular appliance type, e.g., electric vehicles.
In addition, the nesting of multiple filtering and grouping operations must be supported. For example, the framework must be able to retrieve counts of accepted flex-offers in the west Denmark in the period from Jan-2013 to Feb-2013 grouped by cities and energy type. Moreover, to support filtering and grouping tasks, intuitive dimension hierarchies as those in OLAP has to be created for all these types of attributes. A convenient OLAP-based "pivot-table" view to explore flex-offer data must be provided (see an example in Figure 5 ). In the view, a user must be able to choose a preferred dimension hierarchy (e.g., prosumer type), navigate (drill up and down) hierarchy members from the most summarized (e.g., All prosumers) to the most detailed (e.g., household), and analyse the preferred elements or the measures (e.g., flex-offers., see above for more) on multiple swimlanes in the view. A possibility to manually formulate a query (e.g., in MDX) for the view must be provided.
Finally, a view to summarize the complete flex-offer data for the selected time interval (see an example in Figure 6 ) must be offered.
In the next section, we describe our initial results when implementing the flex-offer analysis framework. 
INITIAL RESULTS WHEN IMPLEMENT-ING VISUAL ANALYSIS FRAMEWORK
We have built a visualization tool offering only the subset of the described features (defined by Req. 1 in Section 3). The tool is capable of visualizing a large number of flex-offers on a computer screen and it allows interactively performing an in-depth analysis of individual flex-offers. It currently supports the flex-offer aggregation, the disaggregation, and the basic filtering functionality. In the rest of the section, we provide a walk-through of its functionality by starting with the data loading and ending with its useful graphical enhancements.
First, the tool reads flex-offers and related data from a database employing the MIRABEL DW schema [23] . When the tool connects to a database (PostgreSQL), a user can choose a specific legal entity (a prosumer), whose flex-offers he or she wishes to visualize (see Figure 7) . The user can also select an absolute time interval, for which flex-offers needs to be selected.
When flex-offers are read, a new flex-offer view tab is created in the main application window (see additional tabs for two read operations in Figure 8 ). There are two flex-offer views currently supported: the basic and the profile view. Both these views show the set of flex-offers in a graph with the abscissa axis corresponding to time. Depending on the view, the ordinate axis in the graph is unit-less (see Figure 8 ) or shows energy (see Figure 9 ). As flex-offers are temporal object which may potentially overlap in time, boxes representing flex-offers (see Figures 8-9 ) are stacked on each other thus occupying one of several ordinate axes in the graph.
The basic view (see Figure 8 ) is used to show a large numbers The profile view (see Figure 9 ) is used to provide the detailed flex-offer representation, specified by the requirement (see Req. 1 in Section 3). The view is effective for a smaller flex-offer set with less than few thousands of flex-offers. It allows exploring the actual (minimum and maximum) energy bounds at every profile interval (slice), and, thanks to the synchronized scales of all ordinate axes, compare them across multiple flex-offers. In addition to energy bounds, it shows the scheduled amounts for every profile interval (red solid lines).
Irrespectively for the selected view, the visualization tool provides additional information about flex-offers when pointing their representations with a mouse pointer (see Figure 10) . This includes the markers (yellow lines) for userspecified creation/acceptance/assignment times of a flex-offer as well as indications (red dashed lines) on which flex-offers were aggregated to produce the pointed flex-offer. The mouse action can be changed to allow interactive selection of flexoffers. Flex-offers can be selected one-by-one or by drawing a rectangle (see dashed red rectangle in Figure 8 ). The selected flex-offers can be shown on different tab, removed from the current view, or processed with the tools from the main menu.
The visualization tool integrates the flex-offer aggregation and disaggregation functionalities [28] . This allows, for example, reducing the count of flex-offers shown on a screen by aggregation, as well as allows interactive tuning values of the aggregation parameters.
Finally, the tool offers useful graphical enhancements such as automatic selection of "pretty scales" of the axes, as well as the incremental rendering of flex-offers, which allows executing actions when a flex-offer rendering is in progress (rendering does not freeze the tool).
As mentioned before, the presented flex-offer visualization tool offers only the subset of the functionality of the complete the visual flex-offer analysis framework. As the next immediate enhancement, the basic and the detailed views will be integrated into the pivot view (see the description of Figure 5 ), where the flex-offer aggregation will be applied to produce inputs for the flex-offer visualization on swimlanes (see Figure 5) . Later, the remaining functionality of the framework will be implemented.
In the next section, the related work is reviewed. 
RELATED WORK
The information visualization is an active and still emerging field offering approaches to see, explore, and understand large amounts of information in intuitive ways. Consequently, much work has been done in this broad discipline, and there is a number of publications surveying the accomplished results [6, 16, 9] as well as guides on how one should properly display [29] and visually analyse [10] information. In this context, a flex-offer is a novel concept and thus the visualization of flex-offers has not been addressed yet. Nevertheless, flex-offers can be seen as instances of multi-dimensional, spatial, temporal, spatio-temporal, and energy data (as it can be seen in Section 3) and methods for effectively visualizing such type of data has already been proposed.
First, the well-known OLAP (Online Analytical Processing) techniques to manage multidimensional data leaded to the research field of Visual OLAP [17] . There, the traditional 2D interface for analysing multidimensional data is a pivot table (or cross-tab) view [8] . The current state-of-the-art (the survey [8] is available) enhances the pivot table view via providing the set of popular visualization techniques, such as bar-charts, pie-charts, and time series, as well as more sophisticated visualization layouts such as scatter plots, maps, tree-maps, cartograms, matrices, grids, and vendors's proprietary visualizations (e.g., decomposition trees and fractal maps). Recently, 3D interfaces for OLAP were explored [14] .
Second, more general approaches to visualize multidimensional data exist [22, 7] . According to the survey [13] , existing multidimensional visualization techniques are classified as pixel-oriented (map data value to a coloured pixel), geometric projection (e.g., parallel coordinates), iconography (map each data item to an icon), and hierarchical display techniques (e.g., dimensional stacking, tree-maps).
In addition, a variety of methods for visualizing time-oriented data have been proposed, and the survey [24] and the categorization [2] (systematic view) on the diversity of all these methods exist. According to the categorization, methods are classified according to the 1) characteristics of time axis (e.g., time points vs. intervals), 2) data type (e.g., univariate vs. multivariate), and 3) data representation (e.g., still images vs. animations). Time-series is the special case of a time-oriented data, and a number of visualization techniques were proposed [30, 25, 15] . For spatial data, a number of cartography/geo-visualization [26] , topology-based [20] , and domain-specific [21] techniques were developed. In addition, techniques to visualize spatio-temporal data [3] are classified according to (1) the types of spatio-temporal data they are applicable to, and (2) the exploratory tasks they can potentially support. Finally, a number of techniques to visualize data of the regular [19, 18] as well as of the smart [31] electricity grid were proposed, but those -do not consider the visualization of flex-offer.
In the context of the surveyed work, our implemented flexoffer visualization tool employs the variation of histograms plot based on the dimensional stacking method [7] , where 2-dimensional subspaces are stacked onto each other. For the complete visual flex-offer analysis framework, existing visualization techniques, particularly those for OLAP, geovisualization, time series, and electricity data will have to carefully adapted and integrated to support flex-offers.
CONCLUSION
In this paper, we have introduced our initial work done to visualize complex energy planning objects, termed flexoffers. Such objects are employed by the MIRABEL system to facilitate the more efficient utilization of renewable energy sources while still providing a convenient approach for energy enterprises to balance energy consumption and production in the European electricity grid.
First, we have provided the insight into energy planning and control activities within a potential MIRABEL enterprise and elaborated on why the visualization of flex-offer data plays a crucial role. Then, we have formulated high level requirements for a comprehensive visual flex-offer analysis framework, which supports various visual analytic activities within the MIRABEL enterprise. Such framework is required to provide detail and generalized views over flex-offer datasets and to offer convenient OLAP-inspired approaches to navigate and explore the data. Then, we have presented the flex-offer visualization tool as our initial result implementing the complete framework. The flex-offer visualization tool meets only the subset of all requirements for the framework, but it offers a novel approach to visualize a large number of individual flex-offers. The approach employs the variation of the histogram plot where 2-dimensional (time and energy) subspaces are stacked onto each other. We have also discussed the immediate extensions of the tool as milestones developing the full-featured visual flex-offer analysis framework. Finally, as flex-offers are instances of multidimensional, spatial, temporal, spatio-temporal, and energy data, we have reviewed the related work on visualization of those particular types of data.
The future work encompass the implementation of all the remaining functionality of the visualization framework with a sufficient quantitative evaluation on how well the functionality serves the end-user needs. Furthermore, an interesting future work is the development of the integrated energy planning and control platform offering high level qualitative information such as alerts about expected shortages or over-capacities and an option to drill down data to find out a reason behind this. The platform might couple the functionalities of the existing SCADA, ERP, planning and auction bidding systems, and, in addition to flex-offers, might integrate other types of data such as costs, prices, energy measurements and constraints as well as the forecasts of energy, weather, and the flexibility of different types.
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